How large should whales be? 
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The observed body masses for all extant cetacean species, including the 175,000,000 g Blue Whale, 
are predicted, with no tunable parameters, by a macroevolutionary tradeoff between short-term 
selective advantages and long-term extinction risks from increased species body size, unfolding in a 
pelagic environment. Dramatic size differences between terrestrial and aquatic mammals are thus 
the result of increased convective heat loss is water, which induces a minimum viable size orders 
of magnitude larger than the 2g limit induced by air for terrestrial mammals. The large minimum 
size would have presented a high macroevolutionary barrier to mammals becoming fully aquatic and 
explains the historical timing of mammals' invasion of aquatic habits. 
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Cetaceans include the largest animals ever to live, in- 
cluding the Blue Whale [Balaenoptera musculus), which 
is nearly 30 times larger than an African elephant and 
twice as large as the largest sauropod. However, the 
evolutionary and ecological reasons for their enormous 
sizes or the possibility of still larger animals remains un- 
clear. A deeper understanding of the mechanisms shap- 
ing cetacean sizes would shed light on the interaction of 
macroecological \7] and macroevolutionary processes [ij ; 
on long-term trends in species mass [1, [j], e.g., Cope's 
rule, the empirically observed tendency for species masses 
to increase within a lineage over evolutionary time (2l.l43j. 
and may inform conservation efforts. 

Many major animal clades, including mammals, birds, 
fish and insects, seem to exhibit a canonical pattern in 
the distribution of species masses [ll, [13, [13, El] ■ For ex- 
ample, the most common size of a terrestrial mammal 
is roughly 40 g (common Pacific Rat, Rattus exulans). 
Both larger and smaller species are much less common, 
but asymmetrically so: the largest species, like the ex- 
tinct Imperial Mammoth [Mammuthus imperator, 10'' g), 
are orders of magnitude larger, while the smallest, like 
Remy's Pygmy Shrew {Suncus remyi, 2g), are only a lit- 
tle smaller (Fig. [T]). 

Both the precise shape and the origins of its ubiq- 
uity have long been a topic of ecological interest. Re- 
cently, this characteristic pattern was shown to be a long- 
term consequence when a minimum viable body size, e.g., 
from physiological or thermoregulatory limits, constrains 
a tradeoff between short-term selective advantages 
and long-term extinction risks from increased species 
size [13, El (Fig. Other studies have suggested 

that the pattern is caused by competition about a taxon- 
specific energetically optimal body size IH, [s^ ; how- 
ever, evidence of Cope's rule — descendant species tend 
to be larger than their ancestors — and the fact that most 
species are not close to their group's predicted optimal 



size (among other reasons [2J]) suggest that this theory 
may be flawed. 

Here, we consider the body masses of cetaceans, which 
also exhibit the canonical right-skewed pattern (Fig. [IJ : 
the median size (356 kg, Tursiops truncatus) is close to 
the smallest (37.5 kg, Pontoporia blainvillei) but far from 
the largest (175,000kg). This fact is notable because 
Cetacea is a modest-sized clade (77 extant species) within 
Mammalia and claims about canonical size distributions 
have primarily been made about much more speciose and 
higher-level taxonomic groupings. Furthermore, Cetacea 
is the largest and most diverse aquatic mammal clade 
(Sirenia has only five extant species). Cetacean sizes thus 
provide a unique test of the macroevolutionary trade- 
off hypothesis. They allow us to test whether the same 
short-term-long-term tradeoff that explains the sizes of 
terrestrial mammals also explain the sizes of whales, and 
to investigate the impact of an aquatic environment on 
mammalian body size evolution. 
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FIG. 1: Terrestrial (includes semi-aquatic) 40] and fully 
aquatic mammal species mass distributions. Both show the 
canonical asymmetric pattern: the median size is flanked by 
a short left-tail down to a minimum viable size and a long 
right-tail out to a few extremely large species. 
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We show that the tradeoff mechanism is universal for 
mammals. Using a cladogenetic diffusion model esti- 
mated from fossil and extant terrestrial mammal data, 
but with a minimum viable size appropriate for aquatic 
endotherms, we produce a statistically accurate, zero- 
parameter prediction of extant cetacean masses. This 
strong agreement implies that a single macroevolutionary 
tradeoff explains both aquatic and terrestrial mammal 
sizes. We close with a brief discussion of the ecological 
and evolutionary theoretical implications. 



I. NEUTRAL MODEL FOR CETACEAN SIZES 

Following Clauset and Erwin fl^l , we model the trade- 
off hypothesis as constrained cladogenetic diffusion. 

First, a species of mass M produces descendant species 
with masses AM (Fig. ^Bp) , where A is a random variable 
representing short-term selective effects on size i43i] . 
With each A drawn independently, short-term selections 
on body sizes are uncorrelated across the clade and the 
clade's size distribution evolves according to a diffusion 
process. The trajectory of any particular lineage fol- 
lows a kind of random walk. When the average size 
change between ancestors and descendants within a lin- 
eage is biased toward larger sizes (Cope's rule), we have 
(In A) > . (Size variation between speciation events 
need not be modeled separately because its impact may 
be absorbed into A.) 

Second, species may not take any size and thus the 
diffusion process is constrained. On the upper end, the 
probability of species extinction rises gently with increas- 
ing size [25j, e.g., due to larger energetic requirements, 
smaller species abundance and longer generational times. 
The net effect is a soft upper limit. Given a particular 
extinction risk curve, the number and size of very large 
species is determined by the total number of species in the 
clade, which sets the rate at which smaller-sized lin eag es 
migrate into the larger and more risky size ranges [48 1. 

On the lower end, endothermy imposes a minimum vi- 
able mass — a hard lower limit — that prohibits evolution 
toward ever smaller sizes. For terrestrial mammals and 
birds, this thermoregulatory minimum size is known to 
occur at Mmin = 2g [33, 50], below which a species' con- 
vective heat loss in air is too high to maintain its internal 
temperature. 

To extract precise predictions for the distribution of 
species sizes, we formalize this model mathematically. 
Following Clauset and Redner c{x,t) denotes the 

density (fraction) of species having mass x — InM at 
time t. Under mild assumptions, the value c{x^ t) obeys 
the convection-diffusion-reaction equation in the contin- 
uum limit: 
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where v = (In A) is the bias or average change in size from 
ancestor to descendent, D = ((InA)^) is the diffusion 
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FIG. 2: (A) The characteristic distribution of species body 
sizes, observed in most major animal groups. Macroevo- 
lutionary tradeoffs between short-term selective advantages 
and long-term extinction risks, constrained by a minimum 
viable size Mmin, produce the distribution's long right-tail. 
(B) Schematic illustrating the cladogenetic diffusion model of 
species body-size evolution: a descendant species' mass is re- 
lated to its ancestor's size M by a random multiplicative fac- 
tor A. Species become extinct with a probability that grows 
slowly with M. 



coefficient or the variance in size change, and k ~ A is 
the size-independent (background) net speciation rate, 
which sets the absolute scale of the mass frequencies. 

The aforementioned size constraints ensure conver- 
gence on a steady state distribution. To solve for its 
shape, we change variables /i = v/D, a = {k — A)/D, 
and l3 — B/D, and require that the distribution go to 
zero at X = Xmin- It can then be shown that the steady- 
state distribution of sizes x is 



(2) 



where Ai[.] is the Airy function and zq = —2.3381 ... is 
the location of its first zero [ll|, [l^l • 

In this way, the predicted shape of the species size dis- 
tribution is fully determined by three model parameters: 
/i, the normalized strength of Cope's rule, /?, the nor- 
malized size-dependence of extinction risk, and a;„ii,i, the 
logarithm of the minimum viable body size. 
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Estimates for ^ and /3 for terrestrial mammals have 
previously been derived from fossil and extant data. The 
resulting size distribution accurately reproduces both 
the extant sizes of terrestrial mammals To*] and their 
expansion during the late Cretaceous and early Paleo- 
gene [HI [Ell- Removing either the size-dependence of 
extinction risk or the minimum viable size produces un- 
realistic predictions [loj . 

However, pelagic environments impose distinct phys- 
iological, ecological and evolutionary challenges for en- 
dothermic mammals, which are not reflected in the ter- 
restrial model. One critical difference is the greater con- 
vective heat loss in water, which raises the minimum size 
of a competent aquatic endotherm. Thermoregulatory 
calculations and empirical data both estimate roughly 
Afmin = 7 kg for extant cetaceans [l^, about 3500 times 
larger than the minimum size in air. 



II. TESTS OF THE MODEL PREDICTIONS 
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FIG. 3: (A) Ex ante predicted cetacean sizes, from a cladoge- 
netic model fitted to terrestrial mammals but with a pelagic 
Mmin (see text), and empirical sizes of 77 extant cetacean 
species, as complementary cumulative distributions and as 
(B) smoothed probability densities. 



To test the tradeoff hypothesis for cetaceans, we use 
the terrestrial mammal model, but we shift Mj^in to its 
pelagic value. That is, we use a model that successfully 
explains the sizes of terrestrial mammal species but we 
change the environmental constraint imposed by Afniin 
so that the tradeoff unfolds in a pelagic environment. 
This produces an ex ante prediction Pr(Af ) for extant 
cetacean species sizes. Notably, the prediction has no 
tunable parameters by which to improve its agreement 
with observed sizes. This property makes its accuracy a 
strong test of the tradeoff's universality. 

Previous analyses of terrestrial mammal data yielded 
p, « 0.2, a slight tendency toward larger sizes within a 
lineage (Cope's rule), and /? « 0.08, a weak tendency for 
extinction to increase with body size [ll|, [l^ . 

To test the model's accuracy, we constructed a novel 
body size data set for all 77 extant cetacean species, from 
183 empirical size estimatesj5, J,, ^, JJ,, JJ,, ,16-23.. i27l [Sfl- 
113, MM, MM, m- Only plauslbly indepen- 

dent, scientifically derived estimates were included. Mass 
ranges were converted to point estimates by taking their 
midpoint, unless a mean value was also provided. Subse- 
quently, the mean value of all point estimates for a given 
species was used; this yielded an average of 2.4 measure- 
ments per species. Tables U and HI] give the mass esti- 
mates, primary source(s) and data curation comments. 

Figure [3] compares the predicted and empirical distri- 
butions. We determined the prediction's statistical plau- 
sibility relative to the empirical sizes via a standard two- 
tailed Kolmogorov-Smirnov test, evaluated numerically. 
The resultant value pks — 0.16 ± 0.01 exceeds all con- 
ventional thresholds for rejecting the null hypothesis, in- 
dicating that extant cetacean sizes are statistically in- 
distinguishable from the predicted distribution. To sim- 
ulate statistical uncertainty in ^ and /3, we estimated 
Pks via Monte Carlo by adding a small amount of Nor- 
mally distributed noise to the terrestrial parameter val- 



ues. This yields a slightly lower but still non-significant 
Pks — 0.07 ± 0.03, which does not alter our conclusion. 
Thus, the macroevolutionary tradeoff fully explains the 
observed sizes of cetacean species as a group. 

As an additional test, we consider whether the size of 
the largest cetacean species would be considered a sta- 
tistical outlier. The probability of observing at least one 
species with size at least as large as the Blue Whale at 
Af* = 1.75 X 10^ g was computed as p{M^) = 1 - i^(Af J" 

where F(M*) — /^/*. Pr(M)M is the portion of the pre- 
dicted distribution below and n is the number of iid 
observations (extant species) drawn from Pr(Af). Tak- 
ing fixed parameters yields p = 0.91; simulating sta- 
tistical uncertainty via Monte Carlo (as above) yields 
p = 0.88 ± 0.03, which is consistent with the fixed- 
parameter result. 

Thus, the enormous size of the Blue Whale is not a 
statistical outlier relative to the predicted distribution, 
implying that the tradeoff mechanism alone is sufficient 
explanation of the Blue Whale's size. We note, how- 
ever, that a species somewhat larger than the Blue Whale 
would also not be statistically unlikely, although no such 
species is known to have existed. 

Finally, the value of /3 used here was estimated by 
fitting the model to extant terrestrial mammal data. 
Estimating l3 directly from the extant cetacean species 
size distribution only improves the fit of the model and 
thus cannot change our conclusions. Doing so yields 
/3cctc ~ 0.097, which is close to the terrestrial mammals 
value and supports our universality claim for the under- 
lying processes shaping mammal evolution. 
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III. DISCUSSION 

The accuracy of the model's ex ante prediction con- 
firms that terrestrial and aquatic mammal sizes are 
shaped by a single macroevolutionary tradeoff between 
short-term advantages — better resource fluctuation tol- 
erance, thermoregulation and predator avoidance 0] — 
and long-term extinction risks — larger energetic require- 
ments, smaller species abundance and longer genera- 
tional times — of increased size, constrained by endother- 
mic requirements at the lower end. Thus, cetaceans ex- 
hibit large body sizes because greater convective heat loss 
in water raises the minimum viable size, which shifts the 
canonical distribution upward and pushes its tail into size 
ranges inaccessible to terrestrial mammals. 

This large minimum size was a significant barrier for 
early terrestrial mammals, preventing their invasion of 
pelagic niches prior to roughly 60 Ma. Before this time, 
there were few or no mammal species with sufficiently 
large masses [IMl, and therefore no mammals capable of 
living as competent aquatic endotherms. Only after the 
terrestrial mammal size distribution expanded in the late 
Cretaceous and early Paleogene [lll[51| was such a tran- 
sition possible, and mammals successfully invaded the 
oceans almost immediately after these conditions were 
met. 

The general pattern of extant cetacean body sizes is 
compactly explained by only the normalized strength of 
Cope's rule ^ and the normalized size-dependence of ex- 
tinction risks P, which take universal values for all mam- 
mals, terrestrial and aquatic. Given the first archaeo- 
cete's size, species counts over geological time and the 
model diffusion rate, the model would predict when a 
species of a given size should first have appeared. 

The success of the constrained cladogenetic diffusion 
model and the tradeoff hypothesis in predicting, without 
tunable parameters, the sizes of extant cetaceans further 



suggests that the energetically optimal body size expla- 
nation of the species size distribution is flawed. This, 
in turn, suggests that the empirically observed pattern 
of size changes among insular species [l^, |3^ , and their 
hypothesized explanation 8], should be revisited. 

The short-tcrm-long-term tradeoff dynamic described 
here is a neutral mechanism for species size evolution 
within a clade, as it omits explicit mechanisms for eco- 
logically important processes like species interaction, ge- 
ography, climate, etc. Deviations from the predictions, 
like the slight over-abundance of cetaceans near 800 kg 
and under-abundance near 100,000 kg (Fig. [5^), may in- 
dicate previously unrecognized non-neutral evolutionary 
or ecological processes. Similarly, to the extent that they 
can be measured in empirical data, changes in model pa- 
rameter values over time may indicate broad-scale, non- 
stationary processes like climate change, e.g., in the value 
on a;niin or the magnitude of /i, or clade-level ecological 
competition, as between mammals and dinosaurs prior 
to the K-Pg event. 

Finally, our assumptions of size-related macroevolu- 
tionary tradeoffs are entirely general, but it remains un- 
known whether they hold for other major clades, in- 
cluding aquatic tetrapod groups like icthyosaurs, ple- 
siosaurs and turtles, or dinosaurs, fish and foraminifera, 
or whether it holds for other small taxonomic groups. 
A broad examination of minimum viable sizes and size- 
dependent extinction risks across groups and across geo- 
logic time may better elucidate the role of species size in 
major evolutionary transitions and ecological theory. 
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Smith otal (2003) 














Mysticeti 


B alaenopteridae 


Balaenoptera physalus 


75000 


Jefferson Leatherwood Webber 






















(1993) , Uhon Fordyce Barnes 1998 






















inJanisGunncllUhe 














ftaysticeti 


B alaenopteridae 


ftaegaptera novaeangJiae 


OUUUU 


Smith etal (2003) 














Mysticeti 


B alaenopteridae 


^^egaptera novaeangliae 


35000 


Jefferson Leatherw 


ood 


Webber (1993), 






















Clapham Mead 1999, 


Uhon Fordyco 






















Barnes 1998 injan 


isGu 


nnellUhen 










M sticeti 
ys ice 1 


Eschric 


htiid 




Eschrichtiu:^ ml >u:;t 


28'i00 


Smith otal (2003) 














ys ice 1 


Eschric 


htiid 




Eschrichtins rob list iis 


3^000 


Jefferson Leatherw 


Dod Webber 






















(1993), Uhen Fordyce Barnes 1998 






















inJanisGunncUUhc 














ys icc 1 


Noobal 


acnid 


ae 


C 

apcrca margma a 


3200 


Jefferson Leatherw 


ood 


Webber (1993), 




b S th 


etai iiuuo givi 


s a mass x as 














Perrin Zubtsova K 


uzm 


n (2004) 


Tar^T^ ^ 
arge, so 


^ mil Sr 
we omi r 


nith etal 




Od 


Delphi 


lidae 




Ccphalorhy nchus conimcrsonii 


72 4 


Smith otal (2003) 














Odontocot 


Delphi 


lidae 




Cephalorhynchiia commorsonii 


76 


Jefferson Loathorw. 


ood 


Webber (1993) 










Odontocot 


Delphi 


lidae 




C'eplialorhyiichut; conimorsonii 


86 


Culik (2004) 














Odontocot 


Delphi 


lidae 




C'eplialt:)rh^"nclnis cutropia 


4*1 


Smith otal (2003) 














Odontocot 


Delphi 


lidae 






63 


Jefferson Leatherw. 


ood 


Webber (1993) 










Odontocot 


Delphi 


lidae 




C'c^h-ilorh^ nchua cutropia 




Culik (2004) 














Odontocot 


Delphi 


lidae 




C ' c ^ li -i kj r h^ n chu a he a vi s'i d i i 


40 


Smith otal (2003) 














Odontocot 


Delphi 


lidae 




^ ' - j- 
L cphaiorhy nchns hcavis idii 




Culik (2004) 














Odontocot 


Delphi 


lidae 




C cphalor hy nchus hector i 


rr 


Smith otal (2003) 














Odontocot 


Delphi 


lidae 




cpnaior ny ncnus ncctor i 




Jefferson Loathorw. 


ood 


Webber (1993) 










Odontocot 


Delphi 


lidae 




Dolphin us dolphis 




Smith otal (2003) 














Odontocot 


Delphi 


lidae 




Dolphinus dolphis 


13'' 


Jefferson Loathorw. 


ood 


Webber (1993) 










(-Odontocot 


Delphi 


lidae 




Dolpliinus dolphis 


9nn 


Culik (2004) 
















Delphi 


lidae 




Foreha attonuata 


170 


Smith otal (2003) 














Odont ocot 


Delphi 


lidae 






22'' 


Jefferson Loathorw. 


ood 


Webber (1993) 










Odont ocot 


Delphi 


lidae 




Globicopliala ruacrorhyiiclius 


726 


Smith otal (2003) 














Odontocot 


Delphi 


lidae 




G 1 o b i t e p h a 1 a m a c r o r h y n c h u s 


3600 


Jefferson Loathorw. 


ood 


Webber (1993) 












Delphi 


lidae 




Globicopliala melas 




Smith otal (2003) 














Od"" "'^'^'t 


Delphi 


lidae 




Globioephala melas 


2000 


Jefferson Loathorw. 


ood 


Webber (1003) 










o i""t"'^'^'t 


Delphi 


lidae 




Globicopliala melas 


1600 


Perrin Zubtsova K 




n (2004) 










Odontocot 


Delphi 


lidae 




Grampus grisoiis 


<- 


Smith otal (2003) 














Odontocot 


Delphi 


lidae 




Grampus grisous 


' dnn 


Jefferson Leatherw. 


ood 


Webber (1993) 












Delphi 


lidae 




Lagonodolphib hohei 


164 


Smith otal (2003) 














O dontocot 


Delphi 


lidae 




agono o p lb "^"^J 


210 


Jefferson Loathorw. 


ood 


Webber (1993) 












Delphi 


lidae 






210 


Culik (2004) 














Odontocot 


Delphi 


lidae 




La^onodol^his hosei 


209 


Jefferson Leatherw 


ood 


1994 










Odontocot 


Delphi 


lidae 




La^enorh nchiis "iTiitus 
agcnor ync lis ac.u us 


182 


Smith otal (2003) 














Odont ocot 


Delphi 


lidae 




agonoi lync us acu us 




Jefferson Leatherw. 


ood 


Webber (1993) 










Odont ocot 


Delphi 


lidae 




agonor ync US acu us 


20'' 


Culik (2004) 














Odont ocot 


Delphi 


lidae 




agcnor ync us a iros ris 


180 


Smith otal (2003) 














Odont ocot 


Delphi 


lidae 




agonoi lync us a iros ris 




Culik (2004) 
















Delphi 


lidae 






120 


Smith otal (2003) 














Odontocot 


Delphi 


lidae 




La^onorh^nchus australis 
agcnoi lync us aus ra is 


115 


Jefferson Loathorw. 


ood 


Webber (1993) 










Odont ocot 


Delphi 


lidae 




agcnor ync us aus ra is 




Culik (2004) 














Odont ocot 


Delphi 


lidae 




agcnor ync us crucigcr 


110 


Smith otal (2003) 
















Delphi 


lidae 




agonor lync us o iqui ens 


120 


Smith otal (2003) 
















Delphi 


lidae 






180 


Jefferson Leatherw. 


ood 


Webber (1993) 










Odontocot 


Delphi 


lidae 




La^cnorh^nchus obli^uidcns 


82 5 


Culik (2004) 














O l""t"'^-''t 


Delphi 


lidae 




La^cnorh^nchus obscurus^""'' 
agcnor ync us o scurus 


127 


Smith otal (2003) 
















Delphi 


lidae 




i-j ag on oriiy nchus o bscurus 


fin 


Jefferson Leatherw. 


ood 


Webber (1993) 










Odontocot 


Delphi 


1 i d ae 




Lagcnorhyiichus obscurus 


100 


Culik (2004) 














t-^dontocot 


Delphi 


lidae 




ijissodelphis bore a lis 




Smith otal (2003) 














Odontocot 


Delphi 


lidae 






11'' 


Jefferson Leatherw. 


ood 


Webber (1993) 










C^dont ocot 


Delphi 


lidae 




j-jissooeipiiis DcjreHiiiis 


fi 


Culik (2004) 














Odontocot 


Delphi 


lidae 




1j1 ssooeipn 1 s i >oreH:iii s 


' 


Jefferson Newcomt 


r (1993) 












Delphi 


lidae 




Lissc? de^lpli i s percini i i 




Smith otal (2003) 














Cj dont ocot 


Delphi 






Lissodelphis peronii 




Jefferson Leatherw 


ood 


Webber (1993) 


Culik 2004 repeats 
























Culik 








Odontocot 


Delphi 






Lissodelphis peronii 


116 


Nowconier Jofferso 


n Brownell 1996 










Odontocot 


Delphi 


lidae 




Orcaclla brcvirostris 


190 


Smith otal (2003) 














Odontocot 


Delphi 


lidae 




Orcaolla brevirostris 


122 5 


Culik (2004) 














Odontocot 


Delphi 


lidae 




Orcaclla brevirostris 


123 '' 


Staoey Arnold 1999 












Odontocot 


Delphi 










Smith otal (2003) 














Odont ocot 


Delphi 


lidae 








Jefferson Leatherw 


ood 


Webber (1993) 










Odont ocot 


Delphi 






O r ci nus or ca 


/IfiOr 


Culik (2004) 














Odontocot 


Delphi 










Perrin Zubtsova K 




n (2004) 


reported 








Oclontocot 


Delphi 






Pcpoiiocc'phala flfctra 


208 


Smith otal (2003) 
















Delphi 








OTr 


Jefferson Leatherw. 


ood 


Webber (1993) 










Odoiitocot 


Delphi 






Poptuioccphala clcctra 


228 


Culik (2004) 














Od'jiitocot 


Delphi 






Pope? ru.jcc^pli ala clcctra 


208 


Jefferson Barros 1997 












- '^'^■'^ 


Delphi 


lidae 




Pscudorca ciassidcns 


1360 


Smith otal (2003) 
















Delphi 






P s c u d o r c a c r a s s i d on s 




Jefferson Loathorw. 


ood 


Webber (1993) 










0*1 '^"'^"'^■'■t 


Delphi 








1360 


Staoey Leather woe 


d 1994 










o'^i'^V^'^ ' t 


Delphi 






S o t a 1 i a f 1 u \' i a 1 11 i s 


" 44 


Smith otal (2003) 














Odontocot 


Delphi 






Botalia fluviatilis 


40 


Jefferson Leatherw 


ood 


Webber (1993) 










Odontocot 


Delphi 








265 


Smith otal (2003) 














Odontocot 


Delphi 








284 


Jefferson Leatherw. 


ood 


Webber (1993) 










Odontocot 


Delphi 






Sousa chincnsis 


215 


Culik (2004) 














Odontocot 


Delphi 


lidae 




Sousa chincnsis 


265 


Jefferson Karczma 


rksi 


(2001) 










Odontocot 


Delphi 


lidae 




Sousa teuszii 


100 


Smith otal (2003) 














Odontocet 


Delphi 


lidae 




Sousa teuszii 


284 


Jefferson Leatherw 


ood 


Webber (1993) 










Odontocet 


Delphi 


lidae 




Sousa teuszii 


215 


Culik (2004) 














Odontocet 


Delphi 


lidae 




Sousa teuszii 


166 


Waerebeek etal (2004) 













TABLE I: Cetacean size estimates (part 1). 





famil 




species 






— V^t" 


C])c.ont ocot 1 


c p im 


— 


Ste 


aella 


attenuata 






Odontoccti 


Dclphm 


dac 


Stc 


Tclla 


attenuata 






Odontoccti 






Stc 


Tclla 


attenuata 




110 


Odontoccti 


c p m 




Stc 


Tclla 


cly mene 




«Q 


Odontoccti 


c p im 




Stc 


Tclla 


clymcnc 




or 








Stc 


Tclla 






on 


o'i""^"'^-'-t' 




dac 


Stc 


Tclla 






SO 


^^r^on^occ^i 






Ste 


Tclla 


cl>incuc 






Odontoccti 


Dolphin 


idae 


Ste 


aclla 


cocrulooalba 




156 


Odontoccti 


Dolphin 


idae 


Ste 


aclla 


cocrulooalba 




156 








Ste 


aclla 


frontalis 






Odonrjccti 


Dol^-jliir 


d^e 


Ste 


aclla 


frontalis 




14'^ 


Odont'^jccti 


Do/>hir 




Ste 


aclla 


frontalis 






Odontoccti 


Dol'^hir 




Ste 


lella 






140 


o'l""t'^'^-''t' 






Ste 


lella 


longirostris 








^o^p^iir 


dae 


Ste 


lella 


longirostris 




_ 


Odontoccti 


Dolphin 


idae 


Stenella 


longirostris 




50 5 




Dolphin 


idae 


Ste 


10 bredanensis 






Odontoccti 


Dolphin 


idac 


Stc 


-10 bredanensis 




150 




Dolphin 


idao 


Stc 


-10 bredanensis 






Od""^"'^' t' 


Dolphin 




Tur 


siops 


truncatus 




175 


Odontoccti 


Dolphin 




Tur 




truncatus 




650 


Odontoceti 


Delphin 


dac 


Tur 


siops 






242 


Odontoceti 


Monodontidae 


Dolphinaptcrus Icucas 




1360 


Odontoccti 


Monodontidac 


Dclphinaptcrus loucas 




1500 


Odontoccti 


Monodontidae 


Dolphinaptcrus loucas 




1500 


Odontoccti 


Monodontidac 


Dolphinaptcrus loucas 




1600 


Odontoccti 


Monodontidac 


Mo 


lodo 






900 


Odontoccti 


Monodo 


ntidac 


Mo 


lodo 






1600 


Odontoccti 


Monodo 


ntidac 


Mo 


lodo 






1300 


Odontoccti 


Phococr 


idac 


Australa 


phocacna dioptrica 






Phococr 




Ncc 


phoc 








Odontoccti 


Phococr 




Nca 


phoc 


aona phocacno 




" or 


Odontocct i 


Phococr 


idac 


Ncc 


phoc 


aona phocacno 


dcs 




Odontocct i 


Phococr 




Phc 




a phococna 






Odontocct i 


Phococr 




Phc 




a phococna 




57 


Odontoccti 


Phococr 




Phc 




a phococna 




' 55 


Odontoccti 


Phococr 


idac 


Phc 










Odontoccti 


Phococr 




Phc 




a spinipinnis 




60 




Phococr 




Phc 










Odontoccti 


Phococr 




Phc 




oidcs dalli 




102.5 


Odontoccti 


Phococr 




Phc 




oidcs dalli 




200 


Odontoceti 


Phocoer 


idae 


Phc 




oides dalli 




200 


Odontoceti 


Phocoenidae 


Phocoenoides dalli 




200 


Odontoceti 


Physeteridae 


Kogia breviceps 




431.5 


Odontoccti 


Physotc 


ridac 








450 


Odontoccti 


Physotc 


ridao 


Kogia b 


cviccps 




400 



Odontoceti Physeteridae 
Odontoceti Physeteridae 
Odontoceti Physeteridae 



Odontoccti 


Physotcr 


dac 


Odontoccti 


Physotcr 


dac 


Odontoccti 


Physotcr 


dao 


Odontoccti 


Plata 


nist 


dac 


Odontoccti 


Plata 


nist 


dac 


Odontoccti 


Plata 


nist 


dac 


Odontoccti 


Plata 


nist 


dac 


Odontoccti 


Plata 


nist 


dac 


Odontoccti 


Plata 


nist 


dac 


Odontoccti 


Plata 


nist 


dac 


Odontoccti 


Plata 


nist 




Odontoccti 


Plata 


nist 


dac 


Odontoccti 


Plata 


nist 


dac 


Odontoccti 


Ziphi 


dac 




Odontoccti 


Ziphi 


dac 




Odontoccti 


Ziphi 






Odontoccti 


Ziphi 


dac 




Odontoccti 


Ziphi 






Odontoccti 


Ziphi 


dac 




Odontoccti 


Ziphi 






Odontoccti 


Ziphi 


dac 




Odontoccti 


Ziphi 






Odontoccti 


Ziphi 


dac 




Odontoccti 


Ziphi 






Odontoccti 


Ziphi 






Odontoccti 


Ziphi 






Odontoccti 


Ziphi 






Odontoccti 


Ziphi 






Odontoccti 


Ziphi 






Odontoccti 


Ziphi 






Odontoccti 


Ziphi 


dac 




Odontoccti 


Ziphi 


dac 




Odontoccti 


Ziphi 


dac 




Odontoccti 


Ziphi 


dac 




Odontoccti 


Ziphi 


dac 




Odontoccti 


Ziphi 


dac 




Odontoccti 


Ziphi 






Odontoccti 


Ziphi 


dac 




Odontoccti 


Ziphi 


idac 




Odontoccti 


Ziphi 







Kogia si 
Kogia si 



Kogia simus 
Physotcr catodon 
Physotcr catodon 

Inia gcoffronsis 
Inia gcoffronsis 
Inia gcoffronsis 
Inia gcoffronsis 
LipotcK vcxillifor 



Platanista 
Platanista 
Platanista 



Bcrardiiis 
Bcrardius 
Bcrardius 

Indopaccti 
Mcsoplodc 
Mcsoplodc 
Mcsoplodc 
Mcsoplodc 
Mcsoplodc 
Mcsoplodc 
Mcsoplodc 
Mcsoplodc 
Mcsoplodc 
Mcsoplodc 
Mcsoplodc 
Mcsoplodc 
Mcsoplodc 
Mcsoplodc 
Mcsoplodc 
Mcsoplodc 
Mcsoplodc 
Mcsoplodc 
Tasmacoti 
Ziphius CH 
Ziphiiis c;i 



gangctica 
gangotica 



.rlhubbsi 
.rlhubbsi 
rlhubbsi 
)nsirostri 
)nsirostri 



ginkgo 
grayi 
grayi 
hcctori 



n stcjncgori 
s shcphordi 



183.1 
270 
270 

210 
14025 
57000 

129.25 
160 

167.5 
129.25 

1S7.5 

115 
108 
83.9146 
40-5 
34 
7000 
11380 
12000 
5800 
3000 
2200 
3400 
2600 
1400 
3400 
500 
2300 
1033 
5600 
1200 
1500 
2900 
1100 
1000 
1500 
2100 
1400 
1400 
4800 
2500 
4775 
3000 



Joffcr: 



source (reference) 

Lcatherwood Webber (1993) 



Culik (2004) 
Pcrrin (2001) 
Smith ctal (2003) 

Jefferson Lcatherwood Webber (1993) 

Culik (2004) 

Jefferson Curry (2003) 

Smith ctal (2003) 

Jefferson Lcatherwood Webber (1993) 
Culik (2004) 
Smith ctal (2003) 

Jefferson Lcatherwood Webber (1993) 
Culik (2004) 
Pcrrin (2002) 
Smith ctal (2003) 

Jefferson Leatherwood Webber (1993) 
Perrin 1998 

Smith etal (2003) 

Jefferson Leatherwood Webber (1993) 
Culik (2004) 
Smith etal (2003) 

Jefferson Leatherwood Webber (1993) 
Culik (2004) 
Smith ctal (2003) 

Steward Steward (1989), 

Uhcn Fordyce Barnes 1998 
inJanisGunnellUhen 
Culik (2004) 

Jefferson Leatherwood Webber (1993) 
Smith ctal (2003) 

Jefferson Lcatherwood Webber (1993), 

Reeves Tracey (1980) 

Culik (2004) 

Smith ctal (2003) 

Smith ctal (2003) 

Culik (2004) 

Jefferson Hung (2004) 

Smith ctal (2003) 

Jefferson Leatherwood Webber (1993) 
Culik (2004) 
Smith ctal (2003) 
Smith ctal (2003) 

Jefferson Lcatherwood Webber (1993) 
Smith ctal (2003) 

Jefferson Leatherwood Webber (1993) 
Culik (2004) 
Jefferson (1988) 

Culik (2004), Borsa (2006), 

Uhcn Fordyce Barnes (1998) 
inJanisGunncllUhon 
Culik (2004) 

Borsa (2006), Jefferson Leatherwood 
Webber (1993), Uhcn Fordyce Barnes 
(1998) inJanisGunnoUUhen 
Smith etal (2003) 
Nagorsen 1985 
Culik (2004) 



Jefferson Lcathcrw 
Smith ctal (2003) 
Jefferson Lcathcrw 
Cranford (1999) 
Smith ctal (2003) 
Jefferson Lcathcrw 
Culik (2004) 
Best Silva (1993) 
Jefferson Lcathcrw 

Smith ctal (2003) 
.Jefferson Lcathcrw 
Smith ctal (2003) 
Smith ctal (2003) 
.Jefferson Lcathcrw 
Smith ctal (2003) 
Smith ctal (2003) 
.Jefferson Lcathcrw 
1 (2003) 
1 (2003) 
1 (2003) 
1 (2003) 
1 (2003) 
Jefferson Lcathcrw 
Smith ctal (2003) 
Mean Walker Houc 
Smith ctal (2003) 
Jefferson Lcathcrw 
Smith ctal (2003) 
Jefferson Lcathcrw 
Smith ctal (2003) 
Smith ctal (2003) 
Jefferson Lcathcrw 
Smith ctal (2003) 
Smith ctal (2003) 
Smith ctal (2003) 
Jefferson Lcathcrw 
Culik (2004) 



00 d Wobbo 



00 d Wobbo 



(1993) 
(1993), 

(1993) 

(1993) 

(1993) 

(1993) 

(1993) 



lith ct 
lith ct 



ood Webber 
;k 1982 

ood Webber 
ood Webber 



(1993) 
(1993) 



Smith ct 
ith c 



1 (2003) 
1 (2003) 
1 (2003) 



od Webber (1993) 



od Webber (1993) 



od Webber (1993) 



curation comments 

estimate from Smith etal 2003 is less than 1/2 of the 
values reported elsewhere, so we omit Smith etal 



Culik 2004 repeats measurement of Perrin 19 
we omit Culik 



nass quoted as 2702 kg, but this is too big by an 
.rder of magnitude. Assumed to be 270.2kg 



mass estimate from Smith etal 2003 is less than 1/2 
estimated range here, so we omit Smith etal 



TABLE II: Cetacean size estimates (part 2). 



